Water model experiments were carried out to promote uniform dispersion of fine particles into a molten steel bath contained in a cylindrical vessel. Fine particles were initially placed on the surface of a water bath. The bath was mechanically agitated by means of an impeller settled on the centerline of the vessel. The dispersion of the particles into the bath was highly promoted by immersing a cylinder slightly into the bath at an offset radial position. The effects of the shape and size of the cylinder and impeller on the dispersion characteristics were investigated to reveal an optimum condition for the uniform dispersion.
Introduction
Uniform dispersion of fine particles into a molten steel bath is of essential importance for efficient desulfurization and dephosphorization. [1] [2] [3] [4] In the case of the conventional bath agitation by means of an impeller settled on the centerline of the vessel, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] fine particles placed on the bath surface gather around the supporting rod of the impeller with a lapse of time and then descend along the curved surface of the bath. As soon as they arrive at the impeller, they collide with the impeller and disperse into the bath. However, most of the particles still remain on the curved bath surface, and accordingly, the efficiency of the dispersion is not necessarily high.
In a previous water model study 16) the present authors proposed a simple but efficient method of promoting uniform dispersion of fine particles into a molten steel bath. The dispersion was enhanced when a circular cylinder was immersed slightly into the bath at an offset radial position. The effects of the diameter, offset position, and immersion depth of the cylinder on the flow establishment time were experimentally investigated. The flow establishment time was defined as the period from the start of mechanical agitation to the moment at which the dispersion pattern of particles in the bath reached a steady state.
In this water model study a plate, a triangular cylinder, and a rectangular cylinder were chosen in addition to a circular cylinder to reveal an optimum condition for the uniform dispersion of fine particles into a bath. In addition, the effect of two immersion cylinders on the flow establishment time was investigated. Figure 1 shows a schematic of the experimental apparatus. The test vessel made of transparent acrylic resin had an inner diameter, D, of 200 mm and it was enclosed with a transparent vessel of a square cross-section. De-ionized water was filled between the two vessels to decrease the optical distortion of the images of particles taken by a video camera. Particles of a density of 40 kg/m 3 and a mean diameter of 30-50 mm were uniformly placed on the bath surface. The particles are poorly wetted by water. The total mass of the particles was chosen to be 0.2 g (5 cm ). The corresponding thickness of the particle layer was 0.16 mm, 0.32 mm, and 0.64 mm.
Experiment
Two types of impellers were used, as schematically shown in Figs. 2(a) and 2(b). They are called the cross-type and real-type impellers, respectively. One of them was placed on the centerline of the vessel and driven by a motor. The bath depth, H L , the immersion depth of the impeller, H I , and the rotation frequency of the impeller were varied. The dispersion of particles into the bath was observed with a video camera and by eye inspection.
Even if all particles placed on the bath surface were entrapped once into the bath, after a while, some of them returned to the bath surface due to the buoyancy forces acting on them. Accordingly, all the particles never stay in the bath after a steady state is attained. The number of particles floating on the bath surface was much greater in the absence of an immersion cylinder than in the presence of it.
As mentioned earlier, the flow establishment time was defined as the period from the start of mechanical agitation to the moment at which the dispersion pattern of particles in the bath reached a steady state. Accordingly, the flow establishment time does not mean uniform dispersion of fine particles into the bath. Two methods were chosen for measuring the flow establishment time. 16) First, it was determined based on the images of particles taken by a video camera from the side of the vessel. Measurements were repeated more than three times under every experimental condition. In the absence of an immersion cylinder most of the particles remained on the curved bath surface as shown in Fig. 3(a) . On the other hand, in the presence of an immersion cylinder, particles dispersed almost uniformly into the whole bath, as shown in Fig. 3(b) . The flow establishment time was determined by focusing only on the particles staying in the bath. The scattering of the measured values was Ϯ20 %.The second method focuses on the local dispersion pattern of fine particles in the bath. The flow establishment time was determined with particle image velocimetry (PIV). Particles in the bath were illuminated with a laser sheet and the motions of the particles were taken by a video camera in the same manner as that in the first method, as shown in Fig. 4 . The luminosity of particle images changed with time, as shown in Fig. 5 , where L is the dimensionless number ranging from 0 to 255. The flow establishment time was defined as the period from the start of mechanical agitation to the moment at which the luminosity finally crossed the 95 % or 105 % of its asymptotic value. The scattering of the measured values was Ϯ5%.
In this experiment one more flow establishment time was introduced. The period from the start of agitation to the moment at which all particles were entrapped from the bath surface into the bath was called the surface flow establishment time (see Fig. 6 ). Figure 7 shows the top view images of fine particles penetrating into the bath, where the bath diameter, D, is 200 mm, the bath depth, H L , is 300 mm, the diameter of an immersion cylinder, D C , is 50 mm, the radial position of the cylinder, L C , is 50 mm, the immersion depth of the cylinder, H C , is 20 mm, the immersion depth of an impeller, H I , is 150 mm, and the rotation frequency of the impeller, N, is 500 min
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. In the absence of the cylinder (see Fig. 7(a) ), fine particles gathered around the centerline of the bath and only a part of them dispersed into the bath after colliding to the impeller. On the other hand, in the presence of the cylinder (Fig. 7(b) ), all the particles were completely entrapped in the bath. Figure 8 shows the instantaneous velocity vectors of water flow determined with the PIV in the bath at Tϭ60 s. The deformation of the bath surface was not significant on this cross-section. In the absence of the immersion cylinder, the main flow moved in the horizontal direction. On the other hand, when the cylinder was slightly immersed, the main flow was directed towards the bottom corner of the vessel. Such a main flow was induced by an inclined vortex extending from the cylinder to the impeller. However, it is difficult to judge the existence of the inclined vortex in Fig.  8 . The inclined vortex was caused by the cylinder because the liquid flow near the bath surface became asymmetrical with respect to the vessel axis. The existence of the inclined vortex is the main reason why more particles were entrapped into the bath in the presence of the cylinder than in the absence of it.
Flow Establishment Time Values Determined
Based on Three Different Methods Figure 9 shows the measured values of the flow establishment time for Dϭ200 mm, H L ϭ300 mm, L C ϭ50 mm, H C ϭ20 mm, H I ϭ150 mm, and Nϭ500 min surface. The measured value of the surface flow establishment time is not given in the absence of the immersion cylinder. Complete entrapment of particles was not realized under this condition. Anyway, the three methods give the same tendency, and hence, the video image method is mainly chosen to discuss the effects of other parameters on the flow establishment time.
In the following, discussion will be given on the flow establishment time determined based on the video image method.
Effect of Total Mass of Particles on Flow Establishment Time
The process parameters were Dϭ200 mm, H L ϭ300 mm,
, and L C /Rϭ0.5. Figure 10 shows the measured values of the surface flow establishment time against the total mass of fine particles. The surface flow establishment time was hardly affected by the total mass of fine articles under the present experimental conditions. Figure 11 shows the measured values of the flow establishment time for different bath depths. The main parameters were Dϭ200 mm, D C ϭ50 mm and 35 mm, H I /H L ϭ0.5, H C ϭ20 mm, Nϭ500 min Ϫ1 , and L C /Rϭ0.5. The flow establishment time was hardly dependent on the cylinder diameter, D C . The effect of the immersion cylinder became remarkable as the bath depth increased. This can be explained by the fact that the particles are easy to arrive at the impeller when the distance from the bath surface to the impeller is short. Figure 12 shows the measured values of the flow establishment time for two types of impellers. The vessel diameter, D, was 200 mm, the bath depth, H L , was 300 mm, the cylinder diameter, D C , was 35 mm, the dimensionless impeller position, H I /H L , was 0.5, the immersion depth of cylinder, H C , was 20 mm, the rotation frequency of impeller, N, was varied, and the dimensionless cylinder position, L C /R, was 0.5. The details of the impellers are already shown in Fig. 2 . The flow establishment time decreased approximately to one third of the value without the immersion cylinder. The impeller 2 (real-type) was more effective for 
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decreasing the flow establishment time than the impeller 1 (cross-type). The reason why the impeller 2 is more effective than the impeller 1 is not clear at the present stage.
Effects of the Shape of Cylinder and Flow Direction on Flow Establishment Time
The main parameters were Dϭ200 mm, H L ϭ300 mm, D C ϭ35 mm and 50 mm, H I /H L ϭ0.5, H C =20 mm, Nϭ 500 min
Ϫ1
, and L C /Rϭ0.5. Cylinders having different three cross-sections were chosen in addition to a circular cylinder. Each arrow in Fig. 13 shows the direction of flow approaching the cylinder. Two flow directions were chosen for each cylinder. Figure 14 shows the measured values of the flow establishment time. Some of the data were reproduced from Fig. 9 . In every case, the flow establishment time decreased compared to the value without the cylinder. In addition, the direction of flow hardly affected the flow establishment time. The rectangular and triangular cylinders have nearly the same effect as that of the circular cylinder. The plate is not suitable for effectively decreasing the flow establishment time. As mentioned earlier about the velocity vectors in Fig. 8 , when a cylinder was slightly immersed into the bath surface, the liquid flow near the bath surface became asymmetrical with respect to the vessel axis. As a result, an inclined vortex extending from the cylinder to the impeller was induced, as shown in the previous paper. 16) This inclined vortex played an essential role for the entrapment of fine particles. Such an asymmetrical flow near the bath surface seems to be closely associated with the shape and size of the wake behind the cylinder. A clear explanation however cannot be derived from the present experiments. Further investigations are required.
Effect of the Number of Cylinders on Flow Establishment Time
The vessel diameter, D, was 200 mm, the bath depth, H L , was 300 mm, the cylinder diameter, D C , was 35 mm, the dimensionless impeller position, H I /H L , was 0.5, the immersion depth of cylinder, H C , was 20 mm, the rotation frequency of the impeller, N, was 500 min
Ϫ1
, and the dimensionless cylinder position, L C /R, was 0.5. Figure 15 shows the positions of two cylinders. The angle between the two cylinders, q, was set to be 90°, 120°, and 180°. The measured values of the flow establishment time are shown in Fig. 16 . The flow establishment time slightly decreased when the number of cylinders was varied from one to two. Two inclined vortexes were generated in the bath. An increase in q brought about a slight increase in the flow establishment time. Further increase in the number of cylinders may cause interaction among the inclined vortexes. In addition, the refining process becomes complex as the number of cylinders increases. Consequently, an increase in the number of cylinders is not beneficial from a practical point of view.
Applicability of the Present Results to Real Process
The kinematic viscosity of water is nearly equal to that of molten steel, and accordingly, the flow in the real process is estimated from the present model study. The density ratio of the particle used in this study to water is 40/1 000, while that of the currently used particle to molten steel is 850/7 000. This fact suggests that the present results of particle entrapment are applicable to the real process. However, the effect of surface tension is not discussed here. Further investigation using molten metals of low melting temperature is desirable.
Conclusions
The main findings obtained under the present experimental conditions can be summarized as follows:
(1) In the presence of an immersion cylinder, the flow establishment time for the dispersion of fine particles into the bath was not dependent on the total mass of the particles.
(2) The effect of an immersion cylinder on the flow establishment time became remarkable as the bath depth increased.
(3) A rectangular cylinder and a triangular cylinder had the same effect as that of a circular cylinder on the flow establishment time. A plate was not effective compared to the three types of cylinders.
(4) The direction of flow approaching an immersion cylinder had a small effect on the flow establishment time.
(5) When the real-type impeller was used, the flow establishment time also decreased significantly in the presence of an immersion cylinder.
(6) An increase in the number of cylinders from one to two is not beneficial for decreasing the flow establishment time. 
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